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The primary function associated at present with the gene VI product of Cauliflower mosaic virus (CaMV) is that of a
translational transactivator (TAV). In this capacity, it alters the host translational machinery to allow reinitiation of translation
of other CaMV genes on the polycistronic 35S RNA of CaMV. In addition, the gene VI protein can elicit a specific type of plant
defense response called the hypersensitive response (HR) in Nicotiana edwardsonii. In this study, we have adapted the
agroinfiltration technique to compare the sequences of CaMV gene VI required for TAV function and elicitation of HR. To
measure the activity of the TAV, we coagroinfiltrated gene VI of CaMV strain W260 with a bicistronic GUS reporter plasmid.
TAV function could be assayed 4 days postinfiltration, before the onset of HR in N. edwardsonii. Through the use of the TAV
and HR assays, we could show that the TAV functions of gene VI of CaMV strains W260 and D4 were equivalent, but only
W260 gene VI elicited HR. A mutational analysis of W260 gene VI showed that the structural requirements for elicitation of
HR were much more stringent than those for TAV function. Small deletions from either the 5 or 3 end of W260 gene VI
abolished its ability to elicit HR, although the TAV function was retained in the mutant. The TAV function could also tolerateelicito
of HR.INTRODUCTION
The Cauliflower mosaic virus (CaMV) gene VI product
plays a central role in determining the pathogenesis of
CaMV. The gene VI product (P6) was initially found to be
the main component of the amorphous inclusion bodies
that form in infected cells (Covey and Hull, 1981). Since
that time, an extensive amount of research has demon-
strated that gene VI is required for expression of other
CaMV genes (Bonneville et al., 1989; Gowda et al., 1989)
and is involved in host range and symptom determina-
tion (Daubert et al., 1984; Schoelz et al., 1986; Baughman
et al., 1988; Stratford and Covey, 1989; Anderson et al.,
1991). Although gene VI has several roles in the estab-
lishment of a systemic infection, it is not clear whether
these functions are related to one another in any manner.
P6 determines systemic infection of solanaceous and
cruciferous hosts. Some CaMV strains elicit a hypersen-
sitive response (HR) in Datura and Nicotiana species,
whereas other strains are able to evade the host de-
fenses and establish a systemic infection. The HR de-
fense occurs when a host resistance gene product rec-
ognizes a pathogen’s avirulence (Avr) gene product
(Baker et al., 1997). Chimeric viruses constructed be-
tween different CaMV strains have shown that gene VI
triggers HR in Datura stramonium and Nicotiana edward-225sonii (Daubert et al., 1984; Schoelz et al., 1986; Kira´ly et
al., 1999), and, consequently, these sequence variants of
gene VI might be considered Avr genes (Palanichelvam
et al., 2000). In several papers, the sequences responsi-
ble for eliciting HR have been partially characterized.
Studies with chimeric viruses showed that the amino-
terminal third of P6 determined whether the virus should
be classified as virulent or avirulent (Schoelz et al., 1986;
Wintermantel et al., 1993; Kira´ly et al., 1999). Daubert and
Routh (1990) reported two mutations in the gene VI se-
quence that influenced the development of HR in D.
stramonium. However, neither of these mutations is
present in the gene VI sequence of strain W260, which
elicits HR in N. edwardsonii, as well as in D. stramonium.
Thus, it is apparent that the sequences within gene VI
responsible for triggering HR have been incompletely
characterized.
Gene VI also serves as a host range determinant in
resistant plants that do not respond with HR. Mutations
within gene VI contribute to overcoming the nonnecrotic
resistance in Nicotiana bigelovii (Schoelz and Shepherd,
1988; Qiu and Schoelz, 1992; Wintermantel et al., 1993)
and are responsible for overcoming resistance in Arabi-
dopsis thaliana ecotype Tsu-O (Leisner and Howell,
1992; Agama et al., 1998). Cole and co-workers (2001)
have suggested that the nonnecrotic form of resistance
against CaMV may have a mechanism that is similar toa small insertion within gene VI; this insertion abolished the
function of gene VI is separate from its role as an elicitor
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no-terminal third, appears to be responsible for trigger-
ing both nonnecrotic resistance in Arabidopsis and N.
bigelovii and HR in N. edwardsonii. Second, it has been
shown that the resistance and cell death that comprise
the HR to CaMV can be genetically separated. Thus,
resistance mechanisms of HR and nonnecrotic resis-
tance may be similar, but cell death is an additional
feature of HR.
The primary role that has been identified for P6 in the
virus infection cycle is that of modification of the host
translation machinery for facilitation of the translation of
the polycistronic CaMV 35S RNA. This function for P6
has been designated as the translational transactivator
(TAV) function (Bonneville et al., 1989; Gowda et al., 1989;
Scholthof et al., 1992; Fu¨tterer and Hohn, 1991). P6 has
been shown to transactivate the expression of reporter
genes in plant protoplasts derived from host and non-
host plants (Bonneville et al., 1989; Gowda et al., 1989) in
transgenic plants (Zijlstra and Hohn, 1992), in the yeast
Saccharomyces cerevisiae (Sha et al., 1995), and in in
vitro systems (Ranu et al., 1996). The TAV function has
been mapped to a central domain that involves only 131
of the 520 amino acids in P6 (De Tapia et al., 1993). This
domain overlaps with the sequences that trigger HR.
Another study that involved in-frame insertion mutants of
gene VI found that the TAV function could be separated
from infectivity of the virus (Broglio, 1995). Broglio (1995)
found that some gene VI mutants that had retained full
TAV function were nonetheless unable to infect whole
plants.
The observation that P6 can transactivate the expres-
sion of reporter genes has had some implications for its
role as an elicitor of HR. For example, there is a possi-
bility that P6 could indirectly elicit HR by modifying the
expression of other host or virus genes (Zijlstra and
Hohn, 1992). Palanichelvam and co-workers (2000)
showed that gene VI of CaMV strain W260 elicited HR in
N. edwardsonii in an agroinfiltration assay. In contrast,
gene VI of CaMV strain D4 did not elicit any response
upon agroinfiltration into N. edwardsonii. These reac-
tions are consistent with the response of N. edwardsonii
to the whole viruses; N. edwardsonii responds with HR to
W260 and is systemically infected by D4. Based on these
experiments, W260 gene VI might be considered an Avr
gene. However, it is not known if the TAV functions
associated with gene VI of W260 and D4 are equivalent
in N. edwardsonii. A difference in TAV function in N.
edwardsonii might still explain the differences in Avr
function.
In this study, we adapted the agroinfiltration method to
evaluate the TAV function of the CaMV gene VI protein,
as well as its role in elicitation of HR (Palanichelvam et
al., 2000). These assays have allowed us to investigate
the relationship between the sequences required for
translational transactivation and elicitation of HR. Fur-
thermore, we have found that the full-length P6 protein is
required for elicitation of HR, in contrast to studies with
chimeric viruses, which had indicated that the amino-
terminal third of P6 might be sufficient to elicit HR.
RESULTS
Assessment of TAV function by agroinfiltration
To assess translational transactivation, we made the
bicistronic GUS reporter plasmid p71-GUS illustrated in
Fig. 1A. This construct consists of CaMV ORF VII, fol-
lowed by the GUS gene fused in-frame to gene I. Both
genes are transcribed from the 35S promoter, present on
the Agrobacterium binary vector pKYLX7 (Schardl et al.,
1987). p71-GUS has the same configuration as pBIGUS,
which was developed by Bonneville et al. (1989) to study
translational transactivation in plant protoplasts. The
most important difference between pBIGUS and p71-
GUS is that p71-GUS contains the right and left borders
of the T-DNA that facilitate its transfer from Agrobacte-
rium tumefaciens into plant cells.
To determine the basal level of GUS activity from
p71-GUS, Agrobacterium cells containing this plasmid
FIG. 1. Analysis of the HR and TAV functions of gene VI from CaMV
strains W260 and D4. (A) Schematic representation of reporter con-
structs used for evaluation of TAV function. The expression of GUS and
the CaMV-GUS fusion construct was under the control of the CaMV 35S
promoter (open circles) and the rbcS terminator (hatched circles).
CaMV sequences of p71-GUS were derived from CaMV strain CM1841.
The level of GUS expression obtained from pMonoGUS was consid-
ered to be 100% and used to normalize the TAV activity. The TL and TR
sequences correspond to the left and right border sequences of the A.
tumefaciens T-DNA. The kanamycin resistance gene (kan) is an addi-
tional gene present in the T-DNA of pKYLX7. (B) Schematic represen-
tation of CaMV gene VI constructs for HR and GUS assays. W260 gene
VI sequences are illustrated by black boxes and D4 gene VI sequences
by gray boxes. The promoter, terminator, kan gene, and border se-
quences are as described above. HR was assessed at 8 dpi, after
agroinfiltration of the construct indicated. GUS expression was mea-
sured at 4 dpi, after coagroinfiltration of the reporter plasmid p71-GUS
with the gene VI expression plasmid indicated in the diagram (*). GUS
values are presented as percentage activity relative to pMonoGUS. For
the TAV assays, Agrobacterium containing pMonoGUS was infiltrated
into one leaf panel on each leaf as a positive control.
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were coinfiltrated with Agrobacterium containing the
empty vector pKYLX7 into N. edwardsonii leaf panels.
GUS activity was compared to the monocistronic GUS
plasmid pMonoGUS, which was also coinfiltrated with
agrobacteria containing pKYLX7. In addition, we infil-
trated Agrobacterium containing only pKYLX7. To mini-
mize variation between leaves, all three Agrobacterium
cultures containing corresponding constructs were infil-
trated into leaf panels on the same leaf. Plant tissues
were harvested at 4 days postinfiltration (dpi), and GUS
enzyme activity was determined through the use of a
GUS-Light kit (Tropix, Bedford, MA). The level of GUS
activity in tissues agroinfiltrated with p71-GUS was very
low relative to that of pMonoGUS, but significantly higher
than that of the empty vector pKYLX7 (Fig. 1A).
To demonstrate that agroinfiltration could be used to
assess TAV function, we coagroinfiltrated p71-GUS with
the gene VI expression plasmid pW260VI and also with
the W260 gene VI frameshift construct pW260fs (Fig. 1B).
A previous study had found that N. edwardsonii leaves
agroinfiltrated with pW260VI began to develop HR at 4 to
6 dpi, whereas pW260fs failed to induce any host re-
sponse (Palanichelvam et al., 2000). Consequently, we
assessed the TAV function of pW260VI in the period up to
4 dpi. GUS activity associated with coagroinfiltration of
pW260VI and p71-GUS could be detected as early as 2
dpi (data not shown), but a higher level of GUS activity
was observed at 4 dpi. TAV function was not evaluated
beyond this point because of the onset of HR. At 4 dpi,
the level of GUS activity driven by pW260VI was approx-
imately fivefold higher than the amount of GUS activity in
leaves agroinfiltrated with only p71-GUS (Fig. 1B). This
level of transactivation was comparable to that reported
for transgenic plants that express gene VI (Zijlstra and
Hohn, 1992). In contrast, the frameshift mutant pW260fs
failed to transactivate expression of GUS (Fig. 1B). We
concluded that coagroinfiltration of the full-length gene
VI protein with a bicistronic reporter plasmid could be
used to evaluate TAV activity at 3 to 4 dpi. As noted
previously (Palanichelvam et al., 2000), we could evalu-
ate the avirulence function of CaMV gene VI at 8 dpi.
The TAV functions of W260 gene VI and D4 gene VI
are equivalent, but only W260 gene VI acts as an
avirulence gene
Gene VI of strain W260 is responsible for triggering HR
in N. edwardsonii, both in the context of a virus infection
(Kira´ly et al., 1999) and in an agroinfiltration assay (Fig. 2)
(Palanichelvam et al., 2000). In contrast, CaMV strain D4
is able to evade the defenses induced in N. edwardsonii.
The D4 virus induces chlorotic lesions and a systemic
mosaic (Schoelz et al., 1986), and the D4 gene VI protein
does not elicit any response in an agroinfiltration assay
(Palanichelvam et al., 2000). To investigate whether
avirulence triggered in N. edwardsonii was associated
with any differences in TAV function, we compared the
ability of D4 and W260 gene VI proteins to transactivate
the expression of p71-GUS. We found that even though
D4 gene VI does not elicit HR in N. edwardsonii, its TAV
function is comparable to that of W260 gene VI (Fig. 1B).
Our observation that the TAV functions of D4 and W260
are equivalent is in agreement with a previous report
which showed that the two versions of gene VI are
FIG. 2. The effects of wild-type and mutant forms of gene VI after agroinfiltration into N. edwardsonii leaves at 8–9 dpi. (A) Leaf panels were
infiltrated with A. tumefaciens containing (1) pW260VI, (2) pH35VI, (3) pDC338, and (4) pDN182. (B) Leaf panels were infiltrated with A. tumefaciens
containing (1) pW260VI, (2) pKYLX7, (3) pDN10, and (4) pDC39. (C) Leaf panels were infiltrated with A. tumefaciens containing (1) pW260VI, (2) pKYLX7,
(3) pECO5, and (4) pPVU53. In a typical experiment each construct was agroinfiltrated into two fully expanded leaves on two separate plants (four
leaves per experiment). pW260VI was included on each leaf as a positive control for induction of HR. Plants varied in age from 45 to 70 days
postplanting. Each construct was tested at least six times.
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equally transcribed in the agroinfiltration assay (Pala-
nichelvam et al., 2000). This study showed that the TAV
function associated with gene VI can be clearly distin-
guished from the avirulence function of gene VI. The
frameshift mutation in gene VI of W260 abolished both
avirulence and TAV functions (Fig. 1B) and confirmed that
both functions are dependent on the gene VI protein
product.
The 5-proximal third of gene VI is essential, but not
sufficient, to elicit HR
Previous studies with chimeric viruses formed be-
tween CaMV strains had shown that the 5-proximal third
of gene VI was responsible for determining whether the
virus would systematically infect the host or trigger HR
(Schoelz et al., 1986; Kira´ly et al., 1999). If this region,
extending from nucleotides 5773 to 6318, was derived
from W260, then the chimeric virus triggered HR in N.
edwardsonii (Schoelz et al., 1986; Kira´ly et al., 1999). To
investigate whether W260 sequences within the 5-prox-
imal third of gene VI could elicit HR in an agroinfiltration
assay, we amplified the gene VI coding region from
chimeric virus H35 and cloned this gene into pKYLX7.
The resulting gene VI construct, pH35VI (Fig. 3), triggered
HR upon agroinfiltration into N. edwardsonii at the same
rate and intensity as pW260VI (Fig. 2A), indicating that
the 5-proximal third of gene VI contains essential deter-
minants for HR induction. The assay for TAV function
revealed that gene VI of H35 transactivated expression of
GUS to the same extent as D4 gene VI (Fig. 3), further
evidence that the TAV function was not responsible for
elicitation of HR.
It has recently been shown that the helicase domain of
the tobacco mosaic virus (TMV) replicase could elicit HR
in NN tobacco plants in an agroinfiltration assay (Abbink
et al., 1998; Erickson et al., 1999). The other portions of
the TMV replicase could be deleted, but as long as the
helicase domain was present, the avirulence activity of
the protein was retained. To investigate whether the
5-proximal third of CaMV gene VI could trigger HR by
itself, this region was amplified by PCR and cloned into
pKYLX7 (Fig. 3, pDC338). A stop codon was introduced
into the amplified sequence to ensure proper termination
of translation. As a control, the remainder of gene VI was
separately amplified such that it also would be ex-
pressed as a protein, and it was assayed for avirulence
activity (Fig. 3, pDN182). Neither of these gene VI frag-
ments was able to elicit HR in N. edwardsonii leaves,
even 14 days after agroinfiltration (Fig. 2A). Furthermore,
neither of these fragments exhibited TAV activity (Fig. 3).
These results showed that even though the 5-proximal
third of gene VI was essential for elicitation of HR, it
could not do this by itself.
The avirulence function is dependent
on the full-length gene VI product
To determine how much of W260 gene VI is required
for elicitation of HR in N. edwardsonii leaves, we made
progressively larger deletions by PCR from the 5 and 3
ends of the gene and then evaluated the ability of these
constructs to elicit HR. To make the deletions from the 5
end we introduced a start codon into the forward primer
to ensure that the gene VI protein would be translated
after agroinfiltration into the leaves. As a control, we also
evaluated the ability of each construct to transactivate
the expression of p71-GUS. De Tapia and co-workers
(1993) had found previously that a core region of gene VI,
designated the Mini-TAV, could transactivate a bicistronic
reporter construct in protoplasts. The Mini-TAV protein
consisted of 131 amino acids of the gene VI protein,
contained within nucleotide coordinates 6106 to 6499.
Thus, we anticipated that we should be able to make
sizeable deletions within gene VI without affecting TAV
function.
In contrast to the results for the TAV function, we found
that the avirulence function of gene VI was highly sen-
sitive to any deletions from either the 5 or the 3 end. A
deletion of just 10 amino acids at the N-terminus of the
protein (Fig. 4, pDN10) completely abolished HR activity,
even though TAV function was completely retained (Figs.
2B and 4). A deletion of 27 amino acids (Fig. 4, pDN27) at
the N-terminus also abolished HR activity of gene VI, and
TAV activity was reduced to approximately 50% of the TAV
activity of wild-type gene VI (Fig. 4). The retention of
either full or partial TAV function was significant because
it proved that gene VI had been translated successfully.
Deletions of 39 or 100 codons on the 3 end of gene VI
also abolished its ability to elicit HR (Figs. 2B and 4). As
FIG. 3. Analysis of the HR and TAV functions of W260 gene VI
deletion derivatives. Gene VI constructs are illustrated schematically.
HR was assessed at 8 dpi, after agroinfiltration of the construct indi-
cated. W260 gene VI sequences are illustrated by black boxes and D4
gene VI sequences by gray boxes. Start and stop codons were intro-
duced into pDN182 and pDC338, respectively, to ensure proper trans-
lation of these sequences. The promoter, terminator, kan gene, and
border sequences are as described in the legend to Fig. 1A. GUS
expression was measured at 4 dpi, after coagroinfiltration of the re-
porter plasmid p71-GUS with the gene VI expression plasmid in the
diagram (*). GUS values are presented as percentage activity relative to
pMonoGUS, which was agroinfiltrated into one leaf panel on each leaf
as a positive control. The value presented for TAV activity for each gene
VI construct is the mean of at least three separate experiments.
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with deletions of the 5 end of gene VI, the TAV function
was affected to a lesser extent than the avirulence func-
tion. The construct, pDC39, exhibited a wild-type level of
TAV activity, whereas the TAV activity of pDC100 was
abolished. Based on the work of De Tapia and co-work-
ers (1993), we would have expected pDC100 to also have
TAV activity, as this construct contains a larger portion of
gene VI than the Mini-TAV. The difference in results may
be traced to the two types of assays, as the protoplast
assay for TAV function may be more sensitive than the
agroinfiltration assay. These results clearly indicated that
a greater portion of gene VI is required for elicitation of
HR than is required for TAV activity.
A small insertion within gene VI that abolishes the
avirulence function has no effect on the TAV function.
In a previous study, Broglio (1995) created a series of
small, in-frame insertions within gene VI and character-
ized their effect on TAV function and infectivity of the
virus. He found two locations within gene VI at which
infectivity of the virus was abolished but TAV activity
retained. To investigate whether small insertions within
gene VI could abolish its avirulence function, we made
in-frame insertions within gene VI of W260 and studied
their affect on both HR and TAV activity. Two unique
restriction enzyme sites within gene VI, EcoRI (nucleo-
tide position 6105) and PvuII (nucleotide position 6318),
were used for insertion mutagenesis. The mutagenesis
at the EcoRI site changed the amino acid sequence from
NS to NWVPNS (pECO5), and the changes at the PvuII
site changed the sequence from A to GIP (pPVU53).
Interestingly, both mutants were transactivation positive,
but only pPVU53 lost the ability to elicit HR (Figs. 2C and
5). These results showed once again that the TAV func-
tion of CaMV gene VI is independent of its avirulence
function. It also showed that the TAV function was af-
fected less by changes in gene VI protein structure than
was the avirulence function.
DISCUSSION
Assessment of TAV function by agroinfiltration
In this study, we have developed a simple and efficient
agroinfiltration method to evaluate the TAV and Avr func-
tions of the CaMV gene VI protein. The TAV function has
been evaluated in protoplasts (Bonneville et al., 1989;
Gowda et al., 1989; Scholthof et al., 1992; Fu¨tterer and
Hohn, 1991) and in transgenic plants (Zijlstra and Hohn,
1992). In general, the protoplast assays have been more
sensitive than the assay involving transgenic plants. The
level of reporter gene activity in protoplasts coelectropo-
rated with gene VI and a polycistronic reporter construct
could be equivalent to the monocistronic reporter control
plasmid (Bonneville et al., 1989; Gowda et al., 1989; De
Tapia et al., 1993). In transgenic plants, the TAV could
effect a level of GUS expression that was approximately
10% that of the monocistronic control (Zijlstra and Hohn,
1992). Our results were most similar to those reported for
the transgenic plants. Coinfiltration of the bicistronic
GUS expression plasmid with gene VI resulted in a level
of GUS activity that was approximately 10% that of the
monocistronic GUS control.
We found that the TAV function was more sensitive to
deletions from the 5 and 3 ends of gene VI than re-
FIG. 5. Effect of insertion mutagenesis on HR and TAV activities of
W260 gene VI. Gene VI constructs are illustrated schematically. HR was
assessed at 8 dpi, after agroinfiltration of the construct indicated. W260
gene VI sequences are illustrated by black boxes. The amino acid
sequence changes made into W260 P6 are indicated under the black
box representing gene VI. The promoter, terminator, kan gene, and
border sequences are as described in the legend to Fig. 1A. GUS
expression was measured at 4 dpi, after coagroinfiltration of the re-
porter plasmid p71-GUS with the gene VI expression plasmid in the
diagram (*). GUS values are presented as percentage activity relative to
pMonoGUS, which was agroinfiltrated into one leaf panel on each leaf
as a positive control. The value presented for TAV activity for each gene
VI construct is the mean of at least three separate experiments.
FIG. 4. Effect of N-terminal and C-terminal deletions on HR and TAV
activities of W260 gene VI. Gene VI constructs are illustrated schemat-
ically. W260 gene VI sequences are illustrated by filled boxes. Start and
stop codons were introduced into the deletion mutants as indicated to
ensure proper translation of these sequences. The promoter, termina-
tor, kan gene, and border sequences are as described in the legend to
Fig. 1A. HR was assessed at 8 dpi, after agroinfiltration of the construct
indicated. GUS expression was measured at 4 dpi, after coagroinfiltra-
tion of the reporter plasmid p71-GUS with the gene VI expression
plasmid in the diagram (*). GUS values are presented as percentage
activity relative to pMonoGUS, which was agroinfiltrated into one leaf
panel on each leaf as a positive control. The value presented for TAV
activity for each gene VI construct is the mean of at least three separate
experiments.
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ported in plant protoplast studies. De Tapia and co-
workers (1993) had found that a central region of P6,
called the Mini-TAV, which extended from amino acids
112 to 241, had some TAV activity. In contrast, we found
that a deletion of 27 amino acids on the amino-terminus
reduced TAV activity 50% and that a deletion of 100 amino
acids on the carboxy-terminus (beginning at amino acid
421) abolished TAV activity. It is interesting to note that
although a deletion of 100 amino acids (pDC100)
knocked out the TAV activity, complete TAV activity was
retained with a deletion of 39 amino acids (pDC39). The
difference between these two mutants is that pDC39 has
the complete “zinc finger” sequence in the C-terminus
(De Tapia et al., 1993), whereas that domain has been
deleted in pDC100. It may be that this putative zinc finger
has some role in TAV function in leaf tissues. However,
the putative zinc finger may not be absolutely required in
plant protoplasts because the Mini-TAV lacks this region
entirely.
The difference in sensitivity between the protoplast
and agroinfiltration assays may be explained by the level
of expression of P6 attained in the two assays. De Tapia
et al. (1993) reported that to attain equivalent levels of
TAV activity, 100-fold more Mini-TAV DNA had to be elec-
troporated into protoplasts relative to the full-length TAV
DNA. Consequently, overexpression of the Mini-TAV can
compensate for an impairment in function. In contrast,
expression of the TAV by agroinfiltration may be less
sensitive to variations in the delivery of the construct into
plant cells.
Although the level of transactivation is lower, the
agroinfiltration assay has several advantages over the
protoplast assay or the development of transgenic
plants. Agroinfiltration is very simple, as it eliminates the
need to make plant protoplasts. Agroinfiltration can be
used for most plant species, although some species do
exhibit sensitivity to A. tumefaciens (Van der Hoorn et al.,
2000). We also found that the agroinfiltration assay for
the TAV was very reproducible. One problem encoun-
tered with protoplasts has been the variability in results
associated with different protoplast preparations. Al-
though the expression of GUS due to the TAV function
was lower in the agroinfiltration assay than in a proto-
plast assay, the standard deviation between agroinfiltra-
tion experiments was small. Finally, coagroinfiltration of
gene VI with a reporter plasmid was much more rapid
than transformation of plants.
W260 gene VI as an Avr gene
Given that one function of CaMV gene VI is to regulate
the translation of other genes, it is possible that the
avirulence phenotype associated with W260 gene VI
might actually be attributed to altered expression of ei-
ther a different CaMV gene or a host gene. In Palanich-
elvam et al. (2000), it was shown that gene VI was
responsible for eliciting HR rather than one of the other
CaMV genes. In the present study, we found that the TAV
function of D4 could not be distinguished from that of
W260, even though P6 of W260 elicited HR in N. edward-
sonii, while P6 of D4 did not elicit any response. Conse-
quently, differences in TAV function cannot account for
the Avr function of W260 P6; instead, W260 P6 should be
considered an Avr gene product. This conclusion rein-
forces the early studies with chimeric viruses that
showed that gene VI was responsible for eliciting HR
(Daubert et al., 1984; Schoelz et al., 1986). It is important
to note, however, that we have not yet found mutants that
can induce HR but lack TAV function. It is still possible
that TAV activity might be necessary, but not sufficient, for
elicitation of HR.
Surprisingly, the Avr function of W260 gene VI was very
sensitive to any perturbations in sequence. A deletion of
only 10 amino acids on the amino-terminus or 39 amino
acids on the carboxy-terminus completely abolished the
avirulence function of W260 P6. We could prove that
W260 P6 itself was expressed because these two dele-
tion mutants had full TAV activity. The abolition of HR
induced by pDC39 was intriguing, because an earlier
study showed that a mutant virus that lacked 40 amino
acids on the C-terminus of P6 was infectious (Turner et
al., 1996). Furthermore, an insertion of just two codons,
and the alteration of a third, at the PvuII site within gene
VI abolished the avirulence function, but not the TAV
function. The deletion and insertion mutants in our study
indicate that nearly the full-length W260 P6 in its native
form is required for elicitation of HR. This structural
requirement is more stringent than that for TAV function
or perhaps even for infectivity of the virus.
The stringent requirements associated with the aviru-
lence function of W260 P6 differ from those reported for
the replicase of TMV, which elicits HR in N-gene to-
bacco. Others have shown that large portions of the TMV
replicase can be eliminated and that the helicase do-
main is sufficient to elicit HR (Abbink et al., 1998; Erick-
son et al., 1999). In any case, it is apparent that the
three-dimensional structure of either a domain or the
entire Avr protein is necessary for recognition by a re-
sistance gene product. For example, an analysis of the
three-dimensional structure of the TMV coat protein has
revealed that a central hydrophobic cavity in the coat
protein is required for N-gene recognition (Tarapore-
wala and Culver, 1996, 1997). However, the recognition of
the Avr gene product by the resistance gene product may
be unrelated to the function of the virus protein in the
virus infection cycle.
It had been found previously that the avirulence func-
tion of W260 P6 mapped primarily to the amino-terminal
third of the protein (Kira´ly et al., 1999). Consistent with
this observation, we found in the present study that a
chimeric form of P6 could elicit HR when the amino-
terminal third of the protein was derived from W260 and
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the balance from D4. A comparison of the deduced
amino acid sequences of D4 and W260 reveals that there
are 21 differences in the amino-terminal third of the
protein (Wintermantel et al., 1993). This indicates that
individual amino acids within P6 that are involved in
elicitation of HR can be identified, but it is apparent that




Restriction enzymes, T4 DNA ligase, and DNA poly-
merase were purchased from Promega Corp. (Madison,
WI) or New England Biolabs (Beverly, MA). Isolation,
purification, restriction, and ligation of DNA were per-
formed according to the procedure in Maniatis et al.
(1982). Plasmids were amplified in Escherichia coli strain
JM101 (Messing, 1979) grown in LB medium with the
following antibiotic concentration: ampicillin (100 g/ml),
kanamycin (30 g/ml) or tetracycline (10 g/ml). The
plasmid pKYLX7 and its derivatives were maintained in
A. tumefaciens strain C58 (GV2260) by using the antibi-
otic rifampicin (50 g/ml), carbenicillin (100 g/ml) kana-
maycin (50 g/ml), or tetracycline (2 g/ml). Plasmids
were mobilized from E. coli into A. tumefaciens by tripa-
rental mating with the plasmid pRK2013 (Ditta et al.,
1980).
Construction of mono- and bicistronic GUS reporter
constructs
The monocistronic and bicistronic GUS plasmids were
constructed by PCR amplification of GUS sequences.
The source of GUS used for PCR contained an intron in
the coding sequence (Vacanneyt et al., 1990) so that it
would be expressed in plants but not in A. tumefaciens.
To construct the monocistronic plasmid, the forward and
reverse primers had BamHI and SacI sites, respectively,
on their 5 ends to facilitate cloning of GUS into pUC18.
This GUS gene was subsequently moved as a HindIII-
SacI fragment into pKYLX7 and designated pMonoGUS.
The bicistronic GUS construct was made by amplifying
sequences of CaMV strain CM1841, from the beginning
of gene VII to an EcoRI site within gene I (nucleotide
coordinates 12 to 413). The forward primer used for PCR
had an XhoI site on its 5 end and the reverse primer had
an EcoRI site that corresponded to the EcoRI site in
CaMV. The PCR-amplified DNA segment was cloned into
the XhoI and EcoRI sites of pGEM7Zf() and designated
pGEM71. The GUS gene, with the exception of the initi-
ation codon, ATG, was amplified by PCR with a forward
primer that included an EcoRI site and a reverse primer
that included a KpnI site. This PCR-amplified fragment
was cloned into the EcoRI and KpnI sites of the pGEM71
clone and designated pGEM71-GUS. The CaMV-GUS
sequences were subsequently moved as an XhoI-KpnI
DNA segment from pGEM71-GUS into pKYLX7 to create
p71-GUS. The nucleotide sequences of all DNA seg-
ments amplified by PCR were determined to verify that
no changes had been inadvertently introduced into the
sequences.
Construction of gene VI expression plasmids
Constructs pW260VI, pD4VI, and pW260fs were made
previously (Palanichelvam et al., 2000). To amplify gene
VI of CaMV chimeric virus H35 (Wintermantel et al.,
1993), oligonucleotide primers were designed in a man-
ner such that an XhoI site was added immediately up-
stream of the gene VI initiation codon and a KpnI site
was placed immediately downstream of the gene VI
termination codon. Gene VI of H35 was amplified by PCR
and initially cloned into pGEM7Zf(), and then the XhoI-
KpnI DNA fragment was moved from pGEM7Zf() to
pKYLX7 to form pH35VI.
All of the gene VI deletion mutants were made by PCR.
To make deletions of the 5 end of W260 gene VI, the
forward primer contained a start codon in-frame with the
gene VI coding sequence; an XhoI site was included on
the 5 end of the forward primer to facilitate cloning. The
reverse primer was the same as that used to clone the
full-length gene VI product of H35. To make deletions of
the 3 end of gene VI, the reverse primer contained the
stop codon TGA in-frame with the gene VI coding se-
quence; the reverse primer contained a KpnI site on the
5 end to facilitate cloning. The forward primer for the 3
end deletion mutants was the same as that used to clone
the full-length gene VI product of H35. The gene VI
coordinates that were amplified for each construct are
listed in Figs. 3–5). Each of the gene VI derivatives were
initially cloned as an XhoI-KpnI DNA fragment into
pGEM7Zf(), and then the XhoI-KpnI DNA fragment was
moved from pGEM7Zf() to pKYLX7.
The insertion mutant pECO5 was made through the
insertion of an oligonucleotide sequence within the
EcoRI restriction enzyme sites in W260 gene VI (nucleo-
tide coordinate 6105). The oligonucleotide sequence
5GGGGGAATTCGTCGACGAATTCCCCC3 resulted in an
insertion of 12 nucleotides, and it included a SalI site to
facilitate screening. The oligonucleotide was placed in a
boiling water bath for 10 min and allowed to cool slowly
at room temperature so that it would anneal with itself.
The annealed oligonucleotide was then cut with EcoRI
and inserted into the EcoRI site of gene VI. Plasmids
were then screened for the presence of the SalI site
within gene VI immediately adjacent to the EcoRI site.
To construct pPVU53, the technique of recombinant
PCR was adopted (Higuchi, 1990). The inner primers
were designed to have an EcoRI site inserted within the
unique PvuII (nucleotide coordinate 6318). The outer
primers were the same as those used to clone the gene
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VI coding sequence of H35. This insertion resulted in the
addition of six nucleotides to W260 gene VI beginning at
nucleotide coordinate 6321.
Agroinfiltration assay
Agroinfiltration was carried out as described in
Palanichelvam et al. (2000) with the following modifica-
tions. Agrobacterium strains to be infiltrated were grown
in AB minimal medium (pH 7.0) (Chilton et al., 1974) to an
OD600 of 1.0 and pelleted by low-speed centrifugation.
The cells were subsequently resuspended in AB minimal
medium (pH 5.5), and virulence genes were induced with
100 M acetosyringone for 24 h. Before infiltration, cells
were concentrated to an OD600 of 2.0. N. edwardsonii
leaves were used for all agroinfiltration assays in this
study. To assess induction of HR, each gene VI construct
was evaluated over a period of 4 to 14 dpi and tested at
least six times.
Translational transactivation assay
To evaluate the TAV function of gene VI, the bicistronic
GUS construct p71-GUS was coagroinfiltrated into leaves
with a gene VI construct. As a control, the monocistronic
and bicistronic GUS plasmids were coagroinfiltrated with
an Agrobacterium strain containing the empty vector
pKYLX7. Agrobacteria harboring each construct were in-
filtrated at an OD600 of 2.0. To measure GUS activity,
infiltrated leaf tissues were collected for protein extrac-
tion at 3 to 4 dpi, just before the onset of the hypersen-
sitive response. Following determination of protein con-
centration in the sample, GUS expression was measured
by using a GUS-Light kit (Tropix), a chemiluminescent
assay. GUS concentrations in samples were compared
to a standard curve that was constructed by using puri-
fied GUS enzyme (Sigma Chemical Co., St. Louis, MO),
and the values are expressed as a percentage of the
monocistronic GUS control. The values obtained for each
of the gene VI constructs represent the means of at least
three independent experiments.
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